Regional glucose hypometabolism is a defining feature of Alzheimer disease (AD). One emerging link between glucose hypometabolism and progression of AD is the nutrient-responsive posttranslational O-GlcNAcylation of nucleocytoplasmic proteins. O-GlcNAc is abundant in neurons and occurs on both tau and amyloid precursor protein. Increased brain O-GlcNAcylation protects against tau and amyloid-␤ peptide toxicity. Decreased O-GlcNAcylation occurs in AD, suggesting that glucose hypometabolism may impair the protective roles of O-GlcNAc within neurons and enable neurodegeneration. Here, we review how O-GlcNAc may link cerebral glucose hypometabolism to progression of AD and summarize data regarding the protective role of O-GlcNAc in AD models.
progression of AD is recognized as starting many years before cognitive impairments manifest (1) . Various groups, including the Alzheimer's Disease Neuroimaging Initiative, are working to improve methods to identify AD patients, identify clinically useful biomarkers, and define the pathological progression of AD. Longitudinal monitoring of groups of patients, ranging from those who are cognitively normal to those suffering from mild cognitive impairment and those exhibiting full-blown AD, using various imaging modalities and biomarkers in cerebrospinal fluid and blood have led to major advances in defining the pathological cascade of AD ( Fig. 1) (1-3) .
Collectively, these biomarker studies have revealed that heightened production of amyloid-␤ peptides (A␤), which are derived by proteolytic processing of the amyloid precursor protein (APP) (Fig. 2) , is the first observed change among the studied biomarkers. Levels of A␤ rise in cerebrospinal fluid many years before other disease features manifest and then decline as amyloid plaques (protein deposits composed of A␤ that are one defining pathological feature of AD) develop within the AD brain. Notably, the A␤ species that are toxic appear to be oligomers, and these impair neuronal function to enable progression of AD. Neither cerebrospinal fluid levels of A␤ nor the extent of plaques in the brain correlates closely with neurodegeneration (7) . Brain amyloid is therefore generally accepted as being essential for disease progression but not sufficient on its own to drive disease. The next observable change in the brain is impaired glucose metabolism within the AD brain, assessed using positron emission tomography (PET) to monitor 2-deoxy-2-[ 18 F]fluoroglucose (FDG) uptake within the brain. Nearly parallel to this change yet lagging behind is the significant accumulation of abnormally hyperphosphorylated microtubule-associated protein tau. This hyperphosphorylation of tau within neurons is generally accepted as being a driver of tau toxicity (Fig. 2 ), which manifests as increased cerebrospinal fluid tau and phosphorylated tau, as well as aggregation of hyperphosphorylated tau into paired helical filaments (PHFs), which then aggregate together to form neurofibrillary tangles (NFTs). These NFTs are the second defining pathological hallmark of AD. FDG PET imaging studies have shown that brain regions exhibiting impaired glucose metabolism are often coincident with regions showing downstream neurodegeneration. Indeed, the development of glucose hypometabolism, as measured by FDG PET, and the deposition of NFTs precede measurable neurodegeneration and brain atrophy, which can be monitored by volumetric MRI (4 -6) . It is important to note, however, that this proposed sequence of events is based on challenging clinical studies, and a definitive series of events has not been unambiguously defined. Notwithstanding this limitation, it is clear that although aberrant volumetric MRI findings correlate most closely with severity of cognitive impairment, glucose hypometabolism and the extent of NFTs in the brain also correlate well with cognitive deficits. Based on these imaging and biomarker studies, it is emerging that brain glucose hypometabolism and tau toxicity likely reflect central events in the progression of AD (1, 2, 8).
Impaired Glucose Metabolism as a Contributing Factor to AD
The clear observation that brain amyloid is essential but not sufficient for progression of AD suggests that various disease modifiers are operative. Thus, although impaired glucose metabolism in the brain is generally thought to stem from synaptic dysfunction driven by A␤ toxicity, another hypothesis that has emerged is that changes in metabolism within neurons are instead factors contributing to disease progression. This hypothesis gains some support from the well established link with type 2 diabetes mellitus (T2DM) (9, 10) , which is well characterized as having associated defects in brain glucose metabolism and insulin signaling, being a major risk factor for the development of AD.
Various mechanistic proposals linking T2DM to AD have been made (11) (12) (13) . From a metabolic standpoint, it is notable that insulin resistance is commonly observed in AD, and the levels of insulin receptors are higher in concentration than in age-matched controls (14) , which may reflect an effort to maintain glucose homeostasis within the brain. Furthermore, GLUT1 and GLUT3, which are key glucose transporters in neurons, are decreased in the AD brain (15) . Because GLUT3 localization to the plasma membrane depends on insulin signaling, it is possible that the insulin resistance that is a risk factor for AD may lead to decreased cell-surface GLUT3 localization and cause downstream impairments in glucose utilization.
Studies using transgenic mouse models of AD show that A␤ toxicity can drive impairments in glucose metabolism within the brain (16 -18) , which is notable because this suggests that impaired glucose metabolism is not simply a confounding feature in AD patients. Some imaging studies in humans have also suggested that certain regions showing high amyloid deposition also show glucose hypometabolism (19, 20) , which supports amyloid having toxic effects that influence glucose metabolism. Because insulin resistance decreases the levels of cell-surface glucose transporters, T2DM on its own causes impaired brain glucose metabolism. Accordingly, within humans, high blood glucose correlates with glucose hypometabolism in brain regions that are susceptible to neurodegeneration in AD (21, 22) . In animal models, it has been shown that insulin resistance (23) induces tau and A␤ pathologies and, in transgenic AD models (24 -26) , greatly exacerbates AD progression. Collectively, these observations reveal that AD pathologies both drive impaired brain glucose metabolism and exacerbate the advance of AD. Overall, these emerging data from both human and animal studies reveal that impairments in glucose metabolism are a central feature of AD. Mechanistically, however, the molecular processes by which impaired glucose utilization drives these pathologies in the brain remain unclear.
Several proposals as to how impaired glucose metabolism in the brain might impact the progression of AD have been advanced, but one intriguing molecular link is a nutrient-sensing pathway that involves the post-translational modification of nuclear and cytoplasmic proteins with O-linked N-acetylglucosamine (O-GlcNAc). This hypothesis suggests that impaired glucose metabolism in the brain induced by A␤ toxicity and T2DM leads to decreased brain O-GlcNAc levels. Such a decrease in O-GlcNAc levels reflects a failure of the protective mechanism of O-GlcNAc in the brain and thereby enables progression of AD. Although still speculative, this hypothesis is appealing because O-GlcNAc is well established as being a protective stress response (27) and because it is fairly well accommodated within the proposed pathological cascade and fits with biochemical changes within the AD brain. Furthermore, the glucose responsiveness of O-GlcNAc offers an explanation as to how T2DM can operate at the molecular level as a major risk factor in AD. Although this hypothesis is still speculative, the prospect of such a link has stimulated growing interest in this research area. Here, we summarize the research in this area, with a focus on studies showing that perturbation of O-GlcNAc processing within animal models provides a protective benefit in transgenic models of AD.
O-GlcNAc Is a Common Post-translational Modification of Nucleocytoplasmic Proteins
The post-translational glycosylation of nuclear and cytoplasmic proteins by O-GlcNAc was discovered 30 years ago by Torres and Hart (28) and has emerged as a conserved modification found in all multicellular eukaryotes. Mass spectrometry-based proteomics studies of mouse and human brain tissues (29 -31) have revealed O-GlcNAc on over 1000 proteins, ranging from highly abundant cytoskeletal proteins such as tau to membrane-associated proteins such as APP, as well as low-abundance proteins, including transcription factors. O-GlcNAcylated proteins play diverse cellular roles (32) . Remarkably, despite its abundance, O-GlcNAcylation is regulated primarily by the action of only two enzymes ( Fig. 3) , each of which has various splice forms (for review, see Ref. 33) .
O-GlcNAc is installed onto serine or threonine hydroxyl groups by the glycosyltransferase O-GlcNAc transferase (OGT). This enzyme uses UDP-GlcNAc as the source of the GlcNAc residue (34, 35). There is no known consensus sequence governing which residues are O-GlcNAcylated, although most sites of glycosylation are in regions that are intrinsically disordered (30) . O-GlcNAc is removed from proteins by the glycoside hydrolase O-GlcNAcase (OGA) (36) ( Fig. 3 ). Together, these two enzymes make O-GlcNAc a reversible post-translational modification. Studies on the halflife of O-GlcNAc are few, but available data indicate that the halflife of O-GlcNAc is in the range of several hours (37, 38) .
The presence of O-GlcNAc on serine and threonine residues raises the potential for interplay with protein phosphorylation. In some cases, O-GlcNAc has been found to occur in a reciprocal manner to serine and threonine phosphorylation (39, 40) , whereas in others, O-GlcNAc has been found close to known phosphorylation sites (41, 42) . Using inhibitors of OGA to increase O-GlcNAc levels in an acute manner, it has been shown that phosphorylation at some phosphorylation sites increases, whereas at others, it decreases (43) . More recent studies have found that O-GlcNAc and phosphorylation are not more coincident than by chance (30) , arguing against a widespread role for O-GlcNAc in regulating protein phosphorylation. Nevertheless, the influence of O-GlcNAc on phosphorylation in specific instances such as for calcium/ calmodulin-dependent kinase IV (42) and CK2 (44) has been demonstrated. Notably, both targeted and shotgun proteomics studies have found that acute administration of OGA inhibitors can decrease protein phosphorylation (43, (45) (46) (47) , but longer term OGA inhibition does not affect phosphorylation on proteins such as tau (47-49). These FIGURE 2. Molecular events giving rise to A␤ and tau pathologies. On the outside of the cell, the combined action of ␤and ␥-secretase cleavage of the transmembrane APP gives rise to soluble amyloid precursor protein ␤ (sAPP␤) and secreted A␤, which can then self-associate to form A␤ oligomers. These A␤ oligomers then combine to form higher order amyloid plaques. The APP intracellular domain (AICD) is also liberated by this secretase pathway. On the inside of the cell, phosphorylation of the tau protein promotes its dissociation from microtubules, enabling its aggregation to form competent nuclei or tau oligomers, which can then grow to form larger PHFs. These PHFs aggregate to form the higher order NFTs that are clinically observed in the AD brain.
observations suggest that O-GlcNAc can impact the activity of kinases and phosphatases but that these effects are attenuated with time, perhaps because cells adapt to sustained perturbations in overall protein O-GlcNAcylation.
O-GlcNAc and O-GlcNAc-processing Enzymes Are Particularly Abundant in Neurons
O-GlcNAc is widely distributed in cells and has been found in every tissue studied to date, but the focus here is on the levels of O-GlcNAc and its processing enzymes, OGA and OGT, in the central nervous system. mRNAs encoding OGT and OGA are widely distributed, but the highest levels encoding OGA are found in the brain (36) and those encoding OGT are found in the pancreas and brain (34, 35) . Consistent with these observations, OGT activity in the brain has been found to be 10-fold higher than in peripheral tissues (50) . Various studies have monitored O-GlcNAc levels as a function of age in rat and mouse brains. In mice, one study found higher brain O-GlcNAc at 5 months compared with 3 or 13 months (51) . The most rigorous study (52) , in which O-GlcNAc , OGA, and OGT levels in rat brain were monitored from embryos to 2 years of age, showed that O-GlcNAc levels were most abundant in prenatal rats, and soon after birth, levels became stable. This study also showed variation in the levels of OGT splice variants and the activities of both OGT and OGA. OGA activity decreased after birth, whereas OGT activity increased after birth such that both reached stable levels postnatally. Immunohistochemical staining for O-GlcNAc, as well as OGA and OGT, revealed developmental changes in staining, but in postnatal mice, these markers all showed a similar distribution in the brain, with the greatest immunoreactivity being present within all classes of neurons throughout all regions of the brain (52) . Other studies reported particularly high levels of OGT expression and O-GlcNAc in the cerebellar cortex and hippocampus (53, 54) . Subcellular localization studies of O-GlcNAc and OGT have focused on neurons, where it has been shown O-GlcNAc is present in both the cytoplasm and nucleus. More detailed studies have shown that the termini of neurons (55) and the nodes of Ranvier (56) are particularly rich in O-GlcNAc. These studies collectively suggest that O-GlcNAc plays particularly important roles in neurons, an idea that is consistent with neuronspecific deletion of OGT leading to neuronal apoptosis (57) and recent data indicating that OGT plays a role in mitochondrial transport within neurons (58) .
Nutrient-mediated Regulation of O-GlcNAc
As noted above, glucose hypometabolism in AD occurs in brain regions prone to neurodegeneration. The ability of O-GlcNAc levels to change in response to variations in cellular glucose availability is therefore of interest and makes O-GlcNAc a possible contributor to neurodegeneration. This nutrient responsiveness occurs both in cultured cells and in vivo, where decreased glucose levels induced by fasting correlate with decreased brain O-GlcNAcylation (59) . This nutrient responsiveness stems from the levels of UDP-GlcNAc being dependent on flux through the hexosamine biosynthetic pathway, the end product of which is UDP-GlcNAc. Approximately 2-5% of all glucose that is taken up by cellular glucose transporters is assimilated by the hexosamine biosynthetic pathway to generate UDP-GlcNAc (60) . The hypothesis that impaired O-GlcNAc levels might contribute to the progression of AD has been bolstered by studies showing that brain tissue from AD patients has lower O-GlcNAc levels when considering postmortem delay (46) and, more recently, in a different patient population in which decreased overall cytosolic O-GlcNAc levels were observed in the frontal cortex but not in the cerebellum (61) . However, other studies using different analytic tools have suggested that O-GlcNAc levels in fact increase either generally (62) or within the detergent-insoluble fraction of AD brain tissue from regions other than the cerebellum (63) . More rigorous studies of human tissues, ideally coupled with immunohistochemical analysis of O-GlcNAc within neurons, are needed to unambiguously clarify this issue.
Tau O-GlcNAcylation in AD
Tau protein exists as six splice variants that are all highly soluble and intrinsically disordered proteins. A factor generally accepted as driving aggregation of tau is its pathological hyperphosphorylation, which increases the stoichiometry of phosphorylation on tau by 6 -8-fold (64) . Dysfunction of many different kinases and phosphatases has been implicated in aberrant tau phosphorylation across Ͼ45 serine and threonine residues (Fig. 4) . A major consequence of increased phosphorylation of tau is that it impairs its ability to bind to microtubules and thereby promote microtubule polymerization (65-67), leading to increased levels of free tau within the cytoplasm. Hyperphosphorylation of tau also leads to its compaction and enables its aggregation in vitro (64, 68) to assemble into the hyperphosphorylated PHFs found in vivo (69, 70) . Data have increasingly indicated that tau pathology spreads prion-like through the brain (71), with the toxic species being small oligomers of tau (72) (73) (74) and the large aggregates being non-toxic. Studies in transgenic mice using kinase inhibitors have supported the importance of tau hyperphosphorylation as a primary factor in tau toxicity (75, 76) .
O-GlcNAc on tau was first observed in bovine samples and was proposed to have a stoichiometry of four O-GlcNAc units per tau molecule (77) . Since that time, several studies using both genetic methods and chemical approaches have shown that phosphorylation and O-GlcNAc on tau show some reciprocity. Gong and co-workers (46) showed that O-GlcNAc can antagonize phosphorylation of tau at various sites in tissue culture cells and rat brain slices. They also showed that human tau is O-GlcNAcylated and observed that aggregates of tau from human AD patients bear no O-GlcNAc. Support for this reciprocity comes from studies of fasted mice, which exhibited increased tau phosphorylation (59) , as well as from Lefebvre et al. (45) , who noted that inducing phosphorylation of tau by blocking protein phosphatase action resulted in less tau O-GlcNAcylation. Although less direct, mouse genetic studies also support this view. The neuron-specific deletion of the gene encoding OGT in mice causes increased tau phosphorylation (57) . Using the selective OGA inhibitor Thiamet-G, which increases brain O-GlcNAcylation (47), Yuzwa et al. (78) found that acute OGA inhibition decreases tau phosphorylation at several pathologically relevant residues, an observation recently replicated by researchers at EMD Serono (48) .
These studies have stimulated efforts to map O-GlcNAcylation sites on tau. Four O-GlcNAc sites on human tau have been mapped to Thr-123, Ser-208, Ser-400, and Ser-409/Ser-412/Ser-413 ( Fig. 4) (78, 79) . Ser-400 was also detected on human tau expressed in mice (78) and on rat tau (80) . NMR studies using in vitro O-GlcNAcylated tau also found the Ser-208 and Ser-400 modification sites (41) 
Effects of Pharmacological Inhibition of OGA on Tau Toxicity
The potential for increased O-GlcNAc to antagonize tau phosphorylation motivated research into the effect of OGA inhibitors on tau toxicity. Various mouse models of tauopathy have been generated by transgenic expression of mutant forms of tau associated with frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17), a progressive neurodegenerative disease that exhibits only tau pathology (81) . JNPL3 mice (82) express the 0N4R isoform of P301L human tau under the control of the prion promoter. Due to the expression being driven by this promoter, tau hyperphosphorylation and neurofibrillary pathology are therefore seen mostly in the hindbrain, brainstem, and spinal cord. Gradual motor impairments develop, leading to muscle atrophy and consequent weight loss. The Tau.P301L model expresses the 2N4R isoform under the control of the thy-1 promoter and exhibits tau pathology primarily in the hindbrain and cervical spinal cord and, to a lesser extent, in the midbrain and cortex (83) . Tg4510 mice, which express the P301L mutant tau 0N4R isoform under the control of a tetracycline-responsive operator (tetO) (72), exhibit tau pathology first in the neocortex, followed by spreading to the hippocampus. These mice show brain atrophy and a clear behavioral phenotype.
Treatment of JNPL3 mice with Thiamet-G over a period of months (78) decreased loss of motor neurons in the cervical spinal cord, reduced the extent of Sarkosyl-insoluble tau and the number of NFTs in the brain, and reduced weight loss (78) . OGA inhibition was shown to increase O-GlcNAcylation of human tau at Ser-400 using a polyclonal antibody against tau O-GlcNAcylated at this site (79) and by mass spectrometry. Surprisingly, however, sustained OGA inhibition over a period of months did not lead to a reduction in phosphorylation of soluble tau (78) , causing the authors to speculate that O-GlcNAc may itself hinder tau aggregation independent of phosphorylation. Analysis of various aggregation-prone tau fragments (78) and, more recently, full-length tau (84) showed that O-GlcNAc at Ser-400 hinders aggregation of tau in vitro without affecting the conformation of tau.
Using Thiamet-G, researchers at EMD Serono treated Tg4510 mice for 4 months and made observations (48) largely consistent with those made previously by Yuzwa et al. (78) . EMD Serono also generated a monoclonal antibody against Ser-400 O-GlcNAcylation (85) and, using this tool, noted that OGA inhibition induced a 9-fold increase in tau O-GlcNAcylation at Ser-400. Short-term OGA inhibition reduced phosphorylation of soluble tau, but again, long-term administration had no influence on its phosphorylation. Decreases in NFT burden were also seen, but the authors also noted that the levels of pathological hyperphosphorylated tau species were markedly decreased. These species also did not appear to be O-GlcNAcylated, which is consistent with observations made in human AD tissues (46) .
Using Thiamet-G in the Tau.P301L model, Van Leuven and co-workers (86) found that 2.5 months of treatment decreased the number of neurons showing tau pathology and decreased behavioral defects and weight loss while also increasing survival at 9.5 months. Interestingly, the investigators proposed that, within this model, tau is not O-GlcNAcylated, which varies from observations made by other groups in transgenic tauopathy models and human brain.
On balance, with the exception of the absence of tau glycosylation in the Tau.P301L studies, these independent studies, as well as data from H. Lundbeck A/S presented at the Alzheimer Association International Conference 2014, are generally in close agreement. The difference between the effects of shortand long-term administration of OGA inhibitors on tau phosphorylation is intriguing. Perhaps, acute OGA inhibition affects the activity of kinases and phosphatases, but the cell adapts to these changes over time. Alternatively, stoichiometric blockade of phosphorylation by O-GlcNAc may be overcome by sustained action of kinases over time to return phosphorylation to normal levels. Regardless, these studies reveal that chronic OGA inhibition leads to increases in tau O-GlcNAc modification at Ser-400 and probably at other residues, which likely lowers the aggregation propensity of tau and limits tau pathology and neurodegeneration. Currently, it is unclear whether OGA inhibition blocks pathological hyperphosphorylation of tau by direct blockade of tau phosphorylation at specific sites or indirectly by O-GlcNAc acting on other cellular processes; perhaps both direct and indirect effects are operative.
O-GlcNAc and A␤ in AD
APP is cleaved by ␣-secretase (87) and ␤-secretase (88), as well as by the ␥-secretase complex (89) (Fig. 2) . ␥-Secretase is composed of the catalytic subunit presenilin and several noncatalytic components, including nicastrin, which aids in the maturation and trafficking of the ␥-secretase complex and in the binding of substrates of the ␥-secretase complex. Cleavage of APP can occur via a non-amyloidogenic pathway, which yields non-toxic peptide fragments, or via the amyloidogenic pathway, which results in the formation of A␤40 or A␤42 (90). As noted above, there is strong support for the amyloid cascade hypothesis, in which aberrant A␤ processing is the earliest recognized feature of AD that is required to trigger AD, but is not sufficient on its own.
Although impaired brain glucose metabolism may be a downstream consequence of A␤ toxicity, it has also been noted that T2DM can exacerbate A␤ pathology in AD models. Thus, impaired O-GlcNAcylation in the brain could, in principle, contribute to A␤ toxicity. Less research has focused on this area, although APP was shown to be O-GlcNAc-modified almost 20 years ago (91) . Following this work, Jacobsen and Iverfeldt (92) demonstrated that increased O-GlcNAcylation leads to decreased production of A␤40 in cultured SH-SY5Y cells; however, this studied relied on the nonselective OGA inhibitor O-(2-acetamido-2deoxy-D-glucopyranosylidene)amino N-phenylcarbamate (93) . An exciting recent study by Mook-Jung and co-workers (94) using the selective OGA inhibitor 1,2-dideoxy-2Ј-propyl-␣-D-glucopyranoso-[2,1-D]-⌬2Ј-thiazoline in the 5xFAD A␤ mouse model showed that long-term OGA inhibition leads to reductions in the levels of A␤40 and A␤42 in the brain, decreased plaque formation and neuroinflammation, and improved cognition. These investigators found that 1,2-dideoxy-2Ј-propyl-␣-D-glucopyranoso-[2,1-D]-⌬2Ј-thiazoline treatment of CHO cells expressing the Swedish MINIREVIEW: O-GlcNAc in Neurodegeneration DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 34477 mutation in APP resulted in decreased levels of the C-terminal fragment of APP (APP-CTF). These effects were proposed to stem from decreased ␥-secretase activity induced by O-GlcNAcylation (94) . A␤40 and A␤42 levels were not assessed, making it challenging to conclude whether the in vitro effects account for the in vivo observations. With regard to specific O-GlcNAcylation sites on APP or APP-processing enzymes, thus far, O-GlcNAc has been mapped only to Ser-708 of nicastrin (Fig. 3) by Mook-Jung and co-workers (94) .
A recent study using bigenic TAPP mice, which manifest both amyloid and tau pathologies, reported the effects of longterm OGA inhibition using Thiamet-G (95) . OGA inhibition blocked cognitive decline in these mice in parallel to decreases in A␤ levels and amyloid plaques in the brain and showed a clear trend toward decreased Sarkosyl-insoluble tau. Notably, the authors reported no effect of OGA inhibition on the amount of A␤42 released from HEK cells stably overexpressing the Swedish mutant form of APP or on the cellular levels of APP-CTF. Furthermore, in primary hippocampal neurons, no changes were observed in APP processing as evaluated using these same measures. Accordingly, OGA inhibition does not appear to influence A␤42 release from cells or APP-CTF levels, suggesting that other processes may protect against A␤42 toxicity in these mice. Regardless, further studies should help clarify how increased O-GlcNAc levels protect against A␤42 and reconcile these recent reports regarding the effects of OGA inhibitors on APP processing.
Acute Effects of O-GlcNAc and Other Model Systems
In addition to the above discussion, of interest are observations that speak to the acute effects of increased O-GlcNAcylation. OGA inhibition has been found to decrease the numbers of axonal filopodia (96) , enhance long-term potentiation (97) , and also to correct breathing defects that occur in Tau.P301L mice (86) . These data suggest that OGA inhibition may have beneficial effects in AD that are independent of blocking tau and A␤ toxicity. Further research into the processes by which O-GlcNAc induces these acute effects and also protects against both tau and A␤ toxicity will be important. In this regard, genetic studies on Caenorhabditis elegans overexpressing the 1N4R isoform of V337M FTDP-17 mutant tau showed that deletion of OGA had no effect on tau toxicity, whereas deletion of OGT was protective in an O-GlcNAc-dependent manner (98) . Perhaps this discrepancy between mammalian models and C. elegans stems from differences caused by complete ablation of these genes as opposed to the use of OGA inhibitors or simply from the fact that C. elegans does not recapitulate mammalian systems in this regard. Further study using this model is, however, likely to cast light on important aspects of how O-GlcNAc affects tau toxicity.
Conclusion
The central role of glucose hypometabolism in the AD brain, coupled with the recognized impairments in insulin signaling that occur, has prompted some to define AD as a form of type 3 diabetes (99) . Although many processes are disrupted in the brain by these changes, we have focused here on the role of O-GlcNAc, which has emerged as an important nutrient-sensitive modification controlling multiple cellular functions. The combined evidence discussed herein has begun to suggest that the O-GlcNAc modification may play a protective role in the brain. Deficiencies in this protective mechanism, brought on perhaps by impairments in glucose utilization, may be an important driver in AD pathobiology. These impairments in glucose utilization may result in impairments in O-GlcNAcylation of tau, APP, or other factors having an influence on their downstream toxicity. Accordingly, decreased O-GlcNAc may thus contribute to the propagation of toxic species in the brain and enable the spread of these hallmark pathologies within the AD brain. Nevertheless, regardless of the precise mechanisms that are operative, the consistent lack of apparent toxicity of OGA inhibitors (48, 78, 86, 94, 95, 100) , coupled with the clear protective effects of perturbing O-GlcNAc cycling, suggests that OGA inhibitors are a promising potential disease-modifying monotherapy for AD and other tauopathies. Such compounds may represent an opportunity to positively influence the toxicity associated with both tau and A␤ and accordingly alter the course of both hallmark pathologies of AD.
